Summary
We can adapt movements to a novel dynamic environment (e.g., tool use, microgravity, and perturbation) by acquiring an internal model of the dynamics [1] [2] [3] . Although multiple environments can be learned simultaneously if each environment is experienced with different limb movement kinematics [4] [5] [6] [7] , it is controversial as to whether multiple internal models for a particular movement can be learned and flexibly retrieved according to behavioral contexts [7] [8] [9] [10] [11] [12] [13] [14] . Here, we address this issue by using a novel visuomotor task. While participants reached to each of two targets located at a clockwise or counter-clockwise position, a gradually increasing visual rotation was applied in the clockwise or counter-clockwise direction, respectively, to the onscreen cursor representing the unseen hand position. This procedure implicitly led participants to perform physically identical pointing movements irrespective of their intentions (i.e., movement plans) to move their hand toward two distinct visual targets. Surprisingly, if each identical movement was executed according to a distinct movement plan, participants could readily adapt these movements to two opposing force fields simultaneously. The results demonstrate that multiple motor memories can be learned and flexibly retrieved, even for physically identical movements, according to distinct motor plans in a visual space.
Results

Experiment 1
First, we created a novel situation in which participants perform physically identical movements based on two different motor plans in a visual space (i.e., visuomotor plan) (see Figure 1A) . Thirteen participants made pointing movements (the movement distance was 10 cm) while holding the handle of a manipulandum with their right hand. The handle position was displayed by a cursor on a horizontal screen located above their hand; participants could not directly see their hand. Participants were required to move the cursor from the starting position to the target that was alternately presented at 30 clockwise (CW) or counter-clockwise (CCW) from the straight-ahead position. As a performance measure, the hand movement direction was calculated as the direction from the starting position to the actual hand position at the peak velocity during the pointing movement.
At first, the cursor was displayed just above the handle, but as the trial continued, its position was gradually rotated around the starting position to the CW direction for the CW target and the CCW direction for the CCW target ( Figure 1A ).
As the visuomotor (VM) rotation angle increased, participants gradually adapted to the VM rotations; the actual hand trajectory gradually approached the straightforward direction, whereas the cursor trajectory on the screen was kept almost constant ( Figure 1B) . The VM rotation angle was increased until the actual hand trajectories for the two targets became indistinguishable. The two trajectories converged into physically identical movements when the VM rotation angle was increased to 37.9 6 1.53 (mean 6 SD) ( Figure 2C ). Movement velocity and muscle activity were also indistinguishable between the movements toward the two targets (see the Supplemental Results and Figure S1 available online). Importantly, most of the participants (12 out of 13) were unaware that their actual hand movements were identical. Thus, overall, this experimental design implicitly led participants to perform physically identical movements based on distinct motor plans in a visual space.
Next, we examined whether these physically identical movements involved distinct motor memories. Here, we applied two distinct force perturbations to the identical movements, with each perturbation associated with only one of the distinct motor plans. We hypothesized that if plan-referenced learning is possible, then two distinct force perturbations could be learned with the physically identical movements, which has been shown to be extremely difficult to adapt to under normal conditions [10] . For testing this hypothesis, the same 12 participants were further exposed to two opposing force fields (i.e., force perturbation produced by the manipulandum) as they performed the pointing task with the imposed, learned VM rotation angles (experiment 1). For group 1 (six participants), CW and CCW force fields were applied for movements toward the CW and CCW targets, respectively, with the targets alternately presented (Figure 2A ). No cues (e.g., target color) indicating the force-field direction were presented, other than the target location. No explicit information regarding the relationship between target location and force direction was provided. Initially, the hand trajectory deviated laterally in response to the forces, but the deviation significantly decreased with training in both force-field conditions [one-sided paired t tests between two early trials versus five late trials: CW, t(5) = 9.40, p < 0.001; CCW, t(5) = 7.30, p < 0.001; Figures 2B and 2C]. We tested the level of the adaptation by occasionally removing the force field (i.e., catch trials, 6 in Figure 2C ) and observing the deviations in the direction opposite to those observed initially (i.e., after-effects). Participants exhibited significant after-effects in both force-field conditions [onesided paired t tests between five pre-force-field trials versus last three catch trials: CW, t(5) = 5.33, p < 0.005; CCW, t(5) = 10.6, p < 1.0 3 10 24 ; Figures 2B and 2C ], indicating that two distinct internal models were formed and retrieved appropriately. Similar results were obtained for group 2 (six participants), which experienced CCW and CW force fields for the CW and CCW targets, respectively ( Figure S2 ).
Experiment 2
In order to rule out the possibility that the simultaneous learning was enabled simply by the presentation of visual cues in the different locations, we conducted a control experiment (experiment 2), in which lateral visual cues were alternately presented in a manner (e.g., color and position) similar to that of the targets in experiment 1. Further, participants were always required to move the cursor toward a forward target presented in a straight-ahead position in every trial ( Figure 3A ). Note that no visuomotor rotation was applied in experiment 2. After 40 baseline trials, opposing force fields were alternately applied, each associated with the CW or CCW visual cues. In this case, movement deviation did not significantly decrease with training for the CW force field [one-sided paired t tests between two early trials versus five late trials: CW, t(5) = 0.077, p = 0.47; CCW, t(5) = 6.06, p < 0.001; Figures 3B and 3C]. Further, no significant after-effect was observed in either condition [one-sided paired t tests between five preforce-field trials versus the last three catch trials: CW, t(5) = 3.18, p = 0.98; CCW, t(5) = 0.46, p = 0.33; Figures 3B and 3C ]. These results indicate that the target location was not a helpful visual cue for simultaneous adaptation.
Experiment 3
The simultaneous adaptation in experiment 1 was possibly a result of the prior experience of the VM session (learning 1) rather than the use of distinct motor plans during the forcefield session (learning 2), because a prior history of adaptation training possibly has some effect on subsequent adaptation [6] . Furthermore, the repetition of a newly adapted movement has been recently reported to induce directional biases toward the repeated movement (i.e., use-dependent plasticity and operant reinforcement) [15] . Because participants repeated the newly adapted forward pointing movement in the VM session of experiment 1, it may have conferred an advantage in adapting to the presence of the force fields. To examine this possibility, we conducted experiment 3. After completion of a VM session that was the same as that in experiment 1 ( Figures 1A and S3A) , the participants in experiment 3 tried to adapt to opposing force fields by adopting the same motor plan to move the handle toward the forward target in the same way as the participants in experiment 2 ( Figures 3A and S3B ). In this case, movement deviation did not significantly decrease with training for the CW force-field condition [one-sided paired t tests between two early trials versus five late trials: CW, t(5) = 0.94, p = 0.19; CCW, t(5) = 2.57, p < 0.05; Figure 3D ], and no significant after-effect was observed for the CW force-field condition [one-sided paired t tests between five Figure S1 for the peak velocity and muscle activity.
pre-force-field trials versus the last three catch trials: CW, t(5) = 2.65, p = 0.98; CCW, t(5) = 2.86, p < 0.05; Figure 3D ]. Hence, the prior experience of the VM session does not appear to contribute to simultaneous adaptation. These results suggest that the simultaneous adaptation occurs only when the movements are executed on the basis of distinct visuomotor plans.
Experiment 4
Experiment 4 was designed to further examine whether the distinct motor plans are also necessary to retrieve distinct motor memories. After the participants had completed the adaptation to opposing force fields by using two distinct motor plans in the same way as in experiment 1 ( Figure S3D ), they were asked to change their plan to always move the cursor toward the forward target ( Figure S3E ). If the distinct motor memories that had been constructed in conjunction with the distinct motor plans could be retrieved only by the original distinct motor plans, then the hand of the participant should deviate in response to the force fields again, as in the case of the first exposure to the force fields. The results indicate that as soon as the participants began to use the same visuomotor plan (i.e., toward the forward target) in the presence of the force fields, their hand trajectories deviated (i.e., they could not generate the previously learned appropriate motor commands), and they exhibited no significant learning for the CW force-field condition [one-sided paired t tests between early two trials versus five late trials: CW, t(4) = 0.59, p = 0.29; CCW, t(4) = 3.68, p < 0.05; Figure 3E ] and no after-effects for the CW force-field condition [one-sided paired t tests between five pre-force-field trials versus three catch trials: CW, t(4) = 3.56, p = 0.99; CCW, t(4) = 2.98, p < 0.05; Figure 3E ]. These results strongly suggest that distinct motor plans are essential for both the formation and recall of distinct motor memories.
Discussion
How humans construct multiple motor memories depending on behavioral contexts is one of the unsolved problems in motor neuroscience [16, 17] . It is generally thought to be extremely difficult to adapt a physically identical, multijoint movement to opposing force fields or visuomotor rotations simultaneously, with only the help of cognitive cues such as color cues [7] [8] [9] [10] [11] [12] . The difficulty in adapting to such conflicting environments can partially be explained by the currently accepted computational scheme [4, 18, 19] suggesting that the internal model is constructed by a population of primitives encoding the desired joint kinematics. According to this scheme, only one internal model can be assigned for one movement kinematics at a time, whereas participants can adapt to conflicting environments if the kinematics of the limb movement are different in terms of arm posture [7] , hand location [4] , movement direction [5] , and the effector [6] (however, this idea does not fully explain the previously reported results, as discussed further below). The present study examined whether human subjects could form and flexibly retrieve distinct internal models for physically identical pointing movements to opposing force fields when they were executed according to distinct motor plans. After the VM session in experiment 1, the movement kinematics were very similar, irrespective of the movement plans (or targets) in a visual space. Therefore, if only one motor memory can be assigned to the same movement kinematics, our participants should not be able to adapt the movements to opposing force fields. However, they could readily adapt to the force fields within 60 trials ( Figures 2C and S2C) , if each target was associated with one of the force fields. These findings contrast with those of a previous study that showed no evidence of adaptation, despite extensive training with more than 1,500 trials for each target, spread over 3 days [10] . Our control experiments confirmed that planning toward distinct targets is necessary for simultaneous adaptation, by excluding the possibility that it was simply enabled by the presence of visual cues (experiment 2) or by the prior experience of adaptation to the VM rotations (experiment 3).
To produce visually guided arm movement, the brain must transform the visual target location and proprioceptive information into an appropriate motor command, which is thought to be performed in the parietofrontal network, including the posterior parietal, premotor, supplementary motor, and primary motor cortices [20] [21] [22] [23] [24] [25] [26] [27] [28] . Single-unit recording studies have shown that some neurons in the parietofrontal network inevitably exhibit different activities depending on the location of the visual stimulus or the sensorimotor transformation process (particularly during the early motor planning phase), even if the executed movements are physically identical [25] [26] [27] [28] . We speculate that such distinct activity patterns in the neural network for sensorimotor transformation, with the aid of the cerebellum playing a crucial role in motor learning [29, 30] , enable the formation and retrieval of distinct internal models for identical movements by recruiting the populations of primitives with different patterns. This idea could also explain why color cues are not so helpful for simultaneous adaptation, because color is not normally used to determine movement parameters [27] and does not affect the neural activities of the network unless associative learning is conducted [31, 32] . In contrast, the opposite arm movement substantially influences the sensorimotor transformation process [33] , which may enable the formation and retrieval of distinct motor memories according to the kinematics of the opposite arm [11, 34, 35] . Note that a similar scenario could hold if we do not assume that the movement trajectory is explicitly planned, but instead hypothesize that the motor system generates a motor command directly from the target information and state estimates, as in the optimal feedback control theory [36, 37] .
Although so far we have not distinguished the formation and the retrieval of the motor memories, they could be differently achieved. Recent studies have shown that when we learn an internal model A, and then learn a competing internal model B, the initial memory A is not completely destroyed, but rather protected, suggesting the existence of competing memories, not the modification of only 1 internal model [13, 14] . Accordingly, it has been argued that the previously observed interference of learning opposing environments is due not to the failure of learning, but to a retrieval mistake. Indeed, experiment 4 demonstrates the importance of retrieval by showing that appropriate contexts are necessary to retrieve previously formed motor memories. If the formation and retrieval of motor memories are rather different, as implied by these studies [13, 14] , the aforementioned scenario-that sensorimotor transformation from distinct targets to a movement kinematics activates primitives differently-should be restricted to only the retrieval process. Alternative explanations are then needed for the process of distinct memory formation.
The idea that formation and retrieval are different processes is also supported by a recent study demonstrating that the primitives of the internal model to be modified are determined not by the movement plan, but by the ''actual (resultant) movement'' [38] . In this scheme, the oppositely directed movement errors caused by conflicting force fields (as observed in experiment 2) would update distinct primitives, which enables part of the memory for each force field to remain intact. However, the formed motor memories cannot be retrieved as long as they persist using the original motor plan, because distinct memories cancel each other out in the primitives for the movement direction of the original motor plan. In other words, this scheme suggests that the primitives to be modified and those to be retrieved are determined differently by action and by plan, respectively. This scheme is not incompatible with our results; if the ''actual movement'' involves the movement of not only the physical limb, but also the visual cursor, as discussed in their study [38] , then the substantial differences in resulting cursor movement (i.e., w60
) may contribute to the formation of distinct internal models, whereas distinct motor plans may contribute to the retrieval of distinct motor memories.
In summary, our findings suggest that we can form and retrieve distinct internal models by planning distinct motions in a visual space, even for executing physically identical movements and that this flexible formation and retrieval of distinct motor memories based on the motor plan, possibly with distinct visual feedback of the cursor, would enable the simultaneous adaptation to opposing force fields.
Experimental Procedures
The study was approved by the ethics committee of the Graduate School of Education at the University of Tokyo. Experiments were performed after written informed consent was obtained from 30 healthy right-handed male volunteers (aged 17-32 years) who were naive to the concept of visuomotor rotation and the purpose of the experiments. The detailed experimental procedures are described in the Supplemental Experimental Procedures.
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